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ABSTRACT
We study the morphologies and sizes of galaxies at z> 5 using high-resolution cosmological
zoom-in simulations from the Feedback In Realistic Environments project. The galaxies show
a variety of morphologies, from compact to clumpy to irregular. The simulated galaxies have
more extended morphologies and larger sizes when measured using rest-frame optical B-band
light than rest-frame UV light; sizes measured from stellar mass surface density are even
larger. The UV morphologies are usually dominated by several small, bright young stellar
clumps that are not always associated with significant stellar mass. The B-band light traces
stellar mass better than the UV, but it can also be biased by the bright clumps. At all redshifts,
galaxy size correlates with stellar mass/luminosity with large scatter. The half-light radii range
from 0.01 to 0.2 arcsec (0.05–1 kpc physical) at fixed magnitude. At z> 5, the size of galaxies
at fixed stellar mass/luminosity evolves as (1+ z)−m, with m∼ 1–2. For galaxies less massive
than M∗∼ 108 M, the ratio of the half-mass radius to the halo virial radius is∼ 10% and does
not evolve significantly at z = 5–10; this ratio is typically 1–5% for more massive galaxies.
A galaxy’s ‘observed’ size decreases dramatically at shallower surface brightness limits. This
effect may account for the extremely small sizes of z > 5 galaxies measured in the Hubble
Frontier Fields. We provide predictions for the cumulative light distribution as a function of
surface brightness for typical galaxies at z= 6.
Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift – cosmology:
theory
1 INTRODUCTION
High-redshift galaxies are thought to be the dominant source of
cosmic reionization (e.g. Kuhlen & Faucher-Giguère 2012; Robert-
son et al. 2013, 2015). The number density of these galaxies,
as described by the ultraviolet (UV) luminosity function, is well
constrained for galaxies brighter than MUV = −17 at z ∼ 6 (e.g.
McLure et al. 2013; Schenker et al. 2013; Bouwens et al. 2015;
Finkelstein et al. 2015). Recently, the Hubble Frontier Fields (HFF)
? E-mail: xchma@caltech.edu
program (Lotz et al. 2017), which takes advantage of strong grav-
itational lensing by foreground galaxy clusters, has made it possi-
ble to estimate UV luminosity functions down to MUV ∼−13 (e.g.
Bouwens et al. 2017b; Livermore et al. 2017). But one of the dom-
inant outstanding uncertainties is the intrinsic size distribution of
faint galaxies, which is necessary in order to determine the com-
pleteness of the observed sample due to surface brightness limits
(Bouwens et al. 2017a).
There are only a few galaxies at these redshifts that have robust
size measurements. Oesch et al. (2010) measured the sizes of galax-
ies brighter than MUV =−19 at z = 4–8 in the Hubble Ultra-Deep
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Field (HUDF) and found that the half-light radii of galaxies evolve
according to (1 + z)−m, with m ∼ 1–1.5 (see also, e.g. Bouwens
et al. 2004; Ferguson et al. 2004; Ono et al. 2013; Kawamata et al.
2015). It is also expected from analytic models that galaxy size de-
creases with increasing redshift (Mo et al. 1998, 1999).
High-redshift galaxies tend to be intrinsically small. The half-
light radii of bright galaxies (MUV < −19) at z ∼ 6–8 range from
0.5–1 kpc (e.g. Oesch et al. 2010). More recently, Kawamata et al.
(2015) and Bouwens et al. (2017a) measured the half-light radii for
a sample of fainter galaxies (−19 < MUV < −12) from the HFF.
They found that the size–luminosity relation has large scatter, with
half-light radii spanning more than an order of magnitude (0.1–
1 kpc) at fixed UV magnitude. A fraction of these faint galaxies
have extremely small sizes from a few pc to 100 pc, although these
results are very uncertain because they are far below the resolution
of the Hubble Space Telescope (HST).
Morphological studies of intermediate-redshift galaxies (z ∼
0.5–3) reveal that their images typically contain a number of star-
forming clumps (e.g. Guo et al. 2015), which only contribute a
small fraction of the total stellar mass (e.g. Wuyts et al. 2012). So
far, the sizes of z & 6 galaxies are measured using noise-weighted
stacked images over all available bands (dominated by rest-frame
UV), so it is likely that the extremely small galaxy sizes in the
HFF are biased by such clumps (e.g. Vanzella et al. 2017). With
the James Webb Space Telescope (JWST, scheduled to launch in
2018), one will be able to probe these faint, high-redshift galaxies
with deeper imaging, higher spatial resolution, and at longer wave-
lengths. This makes it possible to compare galaxy morphology and
sizes in different bands and to recover the stellar mass distribution
using multi-band images via pixel-by-pixel spectral energy distri-
bution (SED) modeling (e.g. Smith & Hayward 2015).
The goal of this paper is to make predictions of morphology
and sizes for z> 5 galaxies, which can be used to plan and interpret
future observations. We use a suite of high-resolution cosmologi-
cal zoom-in simulations from the Feedback In Realistic Environ-
ments (FIRE) project1 (Hopkins et al. 2014). The FIRE simulations
include explicit treatments of the multi-phase interstellar medium
(ISM), star formation, and stellar feedback. The simulations are
evolved using the FIRE-2 code (Hopkins et al. 2017), which is
an update of the original FIRE code with several improvements
to the numerics. These simulations predict stellar mass functions
and luminosity functions in broad agreement with observations at
these redshifts. When evolved to z = 0, simulations with the same
physics have been shown to also reproduce many other observed
galaxy properties (Hopkins et al. 2017, and references therein).
The paper is organized as follows. In Section 2, we describe
the simulations briefly and the methods we use to measure galaxy
sizes. We present the results in Section 3 and discuss their implica-
tions to observations in Section 4. We conclude in Section 5. We
adopt a standard flat ΛCDM cosmology with Planck 2015 cos-
mological parameters H0 = 68kms−1 Mpc−1, ΩΛ = 0.69, Ωm =
1−ΩΛ = 0.31, Ωb = 0.048, σ8 = 0.82, and n = 0.97 (Planck Col-
laboration et al. 2016). We use a Kroupa (2002) initial mass func-
tion (IMF) from 0.1–100M, with IMF slopes of−1.30 from 0.1–
0.5M and −2.35 from 0.5–100M. All magnitudes are in the
AB system (Oke & Gunn 1983).
1 http://fire.northwestern.edu
2 METHODS
2.1 The simulations
We use a suite of 15 high-resolution cosmological zoom-in simu-
lations at z> 5 from the FIRE project, spanning a halo mass range
Mhalo = 108–1012 M at z= 5. These simulations are first presented
in Ma et al. (2017). The mass resolution for baryonic particles (gas
and stars) is mb = 100–7000M (more massive galaxies having
larger particle mass). The minimum Plummer-equivalent force soft-
ening lengths for gas and star particles are b = 0.14–0.42 pc and
∗ = 0.7–2.1 pc (see table 1 in Ma et al. 2017 for details). The
softening lengths are in comoving units above z = 9 but switch
to physical units thereafter. All of the simulations are run using
exactly identical code GIZMO2 (Hopkins 2015), in the mesh-less
finite-mass (MFM) mode with the identical FIRE-2 implementa-
tion of star formation and stellar feedback.
The baryonic physics included in FIRE-2 simulations are de-
scribed in Hopkins et al. (2017), but we briefly review them here.
Gas follows an ionized-atomic-molecular cooling curve from 10–
1010 K, including metallicity-dependent fine-structure and molec-
ular cooling at low temperatures and high-temperature metal-line
cooling for 11 separately tracked species (H, He, C, N, O, Ne, Mg,
Si, S, Ca, and Fe). At each timestep, the ionization states and cool-
ing rates H and He are calculated following Katz et al. (1996), with
the updated recombination rates from Verner & Ferland (1996), and
cooling rates from heavier elements are computed from a compi-
lation of CLOUDY runs (Ferland et al. 2013), applying a uniform
but redshift-dependent photo-ionizing background from Faucher-
Giguère et al. (2009), and an approximate model for H II regions
generated by local sources. Gas self-shielding is accounted for with
a local Jeans-length approximation. We do not include a primordial
chemistry network nor Pop III star formation, but apply a metallic-
ity floor of Z = 10−4 Z.
We follow the star formation criteria in Hopkins et al. (2013)
and allow star formation to take place only in dense, molecular,
and locally self-gravitating regions with hydrogen number density
above a threshold nth = 1000cm−3. Stars form at 100% efficiency
per local free-fall time when the gas meets these criteria, and there
is no star formation elsewhere. The galactic-scale star formation ef-
ficiency is regulated by feedback to∼ 1% (e.g. Orr et al. 2017). The
simulations include the following stellar feedback mechanisms: (1)
local and long-range momentum flux from radiation pressure, (2)
SNe, (3) stellar winds, and (4) photo-ionization and photo-electric
heating. Every star particle is treated as a single stellar population
with known mass, age, and metallicity. The energy, momentum,
mass, and metal returns from each stellar feedback processes are
directly calculated from STARBURST99 (Leitherer et al. 1999).
2.2 Post-processing and size definition
We use Amiga Halo Finder (AHF; Knollmann & Knebe 2009) to
identify halos in our simulations. The halo mass (Mhalo) and virial
radius (Rvir) are computed by AHF, applying the redshift-dependent
virial overdensity criterion from Bryan & Norman (1998). Each
zoom-in simulation contains one central halo, which is the most
massive halo of the zoom-in region. In this work, we also consider
other less massive halos in the zoom-in region. We restrict our anal-
ysis to halos with zero contamination from low-resolution particles,
2 http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html
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Figure 1. Number of halos in our sample at z= 6, 8, and 10.
which also having more than 100 star particles and 104 total parti-
cles within the virial radius. In Figure 1, we show the number of
halos in our simulated sample at z = 6, 8, and 10. At a given mass,
our sample includes both central halos and less massive halos in the
zoom-in regions, and include simulations run with different mass
resolutions. In Appendix B, we show that our results converge rea-
sonably well with resolution.
At a given redshift, we project all star particles inside the halo
along a random direction onto a two-dimensional uniform grid. The
pixel size of the grid is 0.0032 arcsec (3.2 mas), which equals to
1/10 of the pixel size of JWST’s Near-Infrared Camera (NIRCam)
and corresponds to 10–20 pc in the redshift range of our interest.
Each star particle is smoothed over a cubic spline kernel with a
smoothing length h= 1.5hn, where hn is its distance to the nth near-
est neighbor star particle. We adopt n = 5 as our default value, but
varying n = 5–10 only makes small difference for a small fraction
of our galaxies. We only consider intrinsic morphologies and sizes
and do not include dust extinction in this work. The majority of
galaxies (over 95%) in our sample have intrinsic UV magnitude
fainter than MUV =−18 (stellar mass M∗ < 108 M). We find that
dust attenuation has little effect on these low-mass, faint galaxies
(also see Ma et al. 2017), so most results in this paper are not af-
fected by dust extinction.
We make projected images for stellar surface density and rest-
frame UV (1500 Å) and rest-frame B-band (4300 Å) surface bright-
ness. The rest-frame UV of galaxies at these redshifts falls in the
short-wavelength channel of NIRCam (observed wavelengths 0.6–
2.3µm, spatial resolution 0.032" per pixel), in F090W band for
z = 5 galaxies and F150W band for z = 10 galaxies. The rest-
frame B-band falls in NIRCam’s long-wavelength channel (2.4–
5µm, spatial resolution 0.065" per pixel), in F277W band for z = 5
galaxies and F444W band for z= 10 galaxies. The SED of each star
particle is computed using the synthesis spectra predicted by the Bi-
nary Population and Spectral Synthesis (BPASS) models (version
2.0; Eldridge et al. 2008)3. We use the binary stellar population
models in BPASS by default4. In Figure 2, we show example im-
3 http://bpass.auckland.ac.nz
4 Although we use STARBURST99 single-star models for stellar feedback
in the simulations, BPASS binary models are not expected to strongly affect
the feedback strength, since bolometric luminosities and supernovae rates
are similar between these models (see section 2.2 in Ma et al. 2017, for
Figure 2. Example images for six galaxies (A–F) at z = 6 with rest-frame
UV magnitude MUV ∼ −16.5. The left column shows stellar surface den-
sity. The middle and right columns show unattenuated, noise-free rest-frame
UV and rest-frame B-band surface brightness, respectively. All images are
2" (11.6 kpc) along each side. Colors are in linear scale. These images are
smoothed over a Gaussian kernel with 0.032" dispersion (10 pixels on the
image) only for visualization purposes (otherwise the structures are too
small to visualize on these images). The square in the top-right corner shows
the appearance of a point source on these images for reference. The white
dotted circles show the 1"-diameter aperture in which the sizes are mea-
sured. These galaxies span a wide range of stellar mass and B-band magni-
tude, and show a variety of morphologies. More massive galaxies appear to
be larger than galaxies at lower masses. The UV images are largely dom-
inated by bright, young stellar clumps, which do not necessarily trace the
bulk of stars. The B-band light traces stellar mass better than the UV, but
it can also be biased by the UV bright clumps. Galaxies tend to be more
clumpy, more concentrated, and smaller in size from stellar mass to rest-
frame optical to the UV.
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ages for six galaxies labeled by A–F. Each panel is 2" (11.6 kpc)
on each side. Some galaxies and structures are so small that they
only occupy very few pixels, so we further smooth the images us-
ing a two-dimensional Gaussian kernel with a dispersion equal to
the size of 10 pixels (0.032") only for easier visualization here.
Most galaxies in our sample show clumpy, irregular mor-
phologies that cannot be well described by a simple profile (see
also figures 2 and 3 in Ma et al. 2017; cf. Jiang et al. 2013; Bowler
et al. 2017). Therefore, we adopt a non-parametric approach to de-
fine galaxy sizes, in a way similar to Curtis-Lake et al. (2016) and
Ribeiro et al. (2016). For every galaxy, we place a circular aperture
of 1" in diameter, whose center is located by iteratively finding the
B-band surface brightness-weighted center of all pixels within the
1"-aperture, as illustrated by the white dotted circles in Figure 2.
We visually inspect all galaxies to ensure the apertures are reason-
ably located. The same aperture is used for the size measurement in
stellar mass, UV, and B-band luminosity for the same galaxy as fol-
lows. We sort the pixels enclosed in the 1"-diameter aperture in de-
scending order of surface density or surface brightness, and find the
number of ‘brightest’ pixels that contribute 50% of the total mass
or luminosity within the 1" aperture. We calculate the area spanned
by these pixels S50 and define the ‘half-mass’ or ‘half-light’ radius
as R50 =
√
S50/pi. We quote the galaxy stellar mass and luminosity
as the total amount enclosed in the 1"-diameter aperture5.
One may also measure the half-mass or half-light radius alter-
natively by finding the radius that encloses half of the mass or light
within some larger aperture. This is close to the commonly used
algorithms in observations for size measurements, such as SEX-
TRACTOR and GALFIT (e.g. Oesch et al. 2010), where concentric
circular or ellipsoid apertures are usually assumed. However, this
approach suffers from two main issues when applying to clumpy,
irregular galaxies in our simulations. First, these galaxies do not
have a well-defined center: one may use the position of intensity
peak on the image or intensity-weighted center and get very differ-
ent results. Second, for multi-clump systems (e.g. galaxies B, D,
E, and F in the rest-frame UV, see Figure 2), the size defined in
this way in fact represents the spatial separation between the bright
clumps. The non-parametric definition we use better reflects the
physical size of individual clumps. For single-component objects,
such as galaxy A in Figure 2 and well-ordered massive galaxies at
intermediate and low redshifts, both definitions should give consis-
tent results.
Nonetheless, we note that our size measurement depends on
how we smooth the star particles. In general, using a larger smooth-
ing length results in slightly larger galaxy sizes, but the difference
is usually small for most of the galaxies. We refer the readers to
Appendix A for details.
3 RESULTS
3.1 Qualitative behaviors: an overview
In Figure 2, we show projected images of stellar mass (left), and
noise-free rest-frame UV (middle) and rest-frame B-band (right)
more discussion). We prefer the binary models because they are able to
reproduce the nebular emission line features in high-redshift galaxies (e.g.
Steidel et al. 2016; Strom et al. 2017).
5 We have checked that 1" aperture is sufficiently large for most galaxies in
our sample, except for the few galaxies that are at a close encounter during
a merger. In fact, galaxy F in Figure 2 is the mostly affected object, whose
stellar mass and half-mass radius are underestimated by about 50%.
luminosity for six galaxies at z = 6. These galaxies are selected to
have similar UV magnitudes around MUV ∼ −16.5, in increasing
order of stellar mass from the top to the bottom. The images are
smoothed for visualization purposes in Figure 2. Our default size
measurements are performed using the original images. The colors
represent surface density or surface brightness in linear scale and
they saturate at a level such that pixels above it contribute 10% of
the total intensity on the image. The square in the top-right corner
shows the appearance of a point source on these images.
Despite all galaxies having MUV ∼ −16.5, they span two or-
ders of magnitude in stellar mass from M∗ = 3×106–2×108 M.
They show a wide range of morphologies in their surface density
maps: galaxy A is compact; galaxies C, E, and F all have a small
companion that is close (within 0.2") to the main galaxy; galaxy B
is made of several clumps of comparable sizes. High-mass galaxies
are generally larger than low-mass galaxies in all bands.
The UV images of these galaxies are largely dominated by
one or several bright clumps, where the stellar populations are rel-
atively young (10 Myr on average). Most of the UV clumps are
intrinsically small and appear like point sources on these images.
More importantly, these bright clumps do not necessarily trace the
bulk of stars. In galaxy C, for example, the UV bright clump is
associated with the small companion, while the larger, more mas-
sive main galaxy is very faint in the UV. In galaxy D, there are two
dominant clumps in the UV image: the smaller one to the upper-
left to the galaxy is not associated with any prominent stellar struc-
ture; the larger one also has a small spatial offset to the right of the
stellar surface density peak. We visually inspected every galaxy in
our sample and found this phenomenon to be very common in our
simulated galaxies (e.g. galaxies E and F). This is consistent with
the off-center star-forming UV clumps observed in intermediate-
redshift galaxies (z ∼ 0.5–2.5, e.g. Wuyts et al. 2012), which can
contribute a large fraction of star formation but only a small frac-
tion of stellar mass. These clumps are either small satellite galaxies
or stars formed in individual star-forming regions (see Section 4.4
for more discussion)6.
In contrast, the B-band light traces stellar mass better than
the UV, although it can also be biased by the young, bright stellar
clumps in some circumstances. In galaxy E, the UV bright clump
associated with the companion upper-left to the central galaxy is
also bright in B-band. The central galaxy also appears bright in the
B-band, but it is much fainter in the UV, due to an relatively older
stellar population than the UV-bright stellar clump. In galaxy C,
the B-band image is dominated by the only bright clump; the main
galaxy, however, is faint in the B band, because its stellar popula-
tion is much older.
In general, galaxy size increases with increasing stellar mass
or luminosity, following the size–mass or size–luminosity relation.
From stellar mass to rest-frame optical to the UV, galaxies tend to
be more clumpy, more concentrated, and smaller in size. Moreover,
there is a broad distribution of galaxy UV size at fixed UV mag-
nitude. Galaxies A–C have intrinsically small UV sizes, because
nearly all of the UV light is emitted by the bright clumps. In con-
trast, in galaxies D–F, the more extended, low surface brightness
pixels contribute a large fraction of the total UV luminosity, so they
have larger half-light radius in the UV. However, we caution that
low surface brightness regions may fall below the detection limit of
6 Each system enclosed by an 1" aperture is counted as one galaxy in this
paper, even if it contains multiple clumps. We consider that the clumps are
sufficiently close to be associated as one galaxy.
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Figure 3. Size–stellar mass relation (left) and size–luminosity relation in the rest-frame UV (middle) and rest-frame B band (right) at z = 6 (black circles),
8 (blue squares) and 10 (red diamonds). At any redshift, the sizes of galaxies increase with stellar mass and/or luminosity, but all relations have considerable
scatter. There is also a weak redshift evolution of galaxy sizes: high-redshift galaxies tend to have smaller sizes than low-redshift galaxies. The grey shaded
region shows observational measurements from Ono et al. (2013), Kawamata et al. (2015), and Bouwens et al. (2017a), adopted from the compilation in
Bouwens et al. 2017a (see Section 3.2 for a more detailed discussion).
Table 1. Best-fit parameters of galaxy size evolution.
Stellar mass Rest-frame UV Rest-frame B band
logM∗ R50 (z= 5) m MUV R50 (z= 5) m MB R50 (z= 5) m
(M) (kpc) (mag) (kpc) (mag) (kpc)
8 1.09±0.04 1.15±0.12 −18 0.76±0.08 1.87±0.42 −18 0.99±0.07 1.53±0.25
7 0.91±0.02 1.49±0.09 −16 0.55±0.05 1.78±0.32 −16 0.74±0.04 1.63±0.19
6 0.52±0.02 0.87±0.09 −14 0.49±0.01 1.78±0.06 −14 0.66±0.02 1.92±0.11
5 0.29±0.01 0.84±0.11 −12 0.45±0.02 1.00±0.15 −12 0.46±0.01 1.05±0.09
Note: The size evolution of galaxies at a given stellar mass or magnitude is described as R50 ∼ (1+ z)−m (see Section
3.3 for details). R50 (z= 5) gives the best-fit normalization at z= 5.
a given observational campaign, so the observed half-light radius
is consequently smaller if the imaging decreases in depth (Section
4.1). A better way to compare our simulations with observations is
to add the background noise of an observing campaign and process
the simulations with an identical pipeline for size measurement on
the mock images. This is beyond the scope of the current paper, but
it is worth exploring in the future.
3.2 Size–mass and size–luminosity relations
In Figure 3, we show the galaxy size–mass relation (left) and size–
luminosity relation in the UV (middle) and B band (right) for our
simulated sample. The points represent galaxies at z = 6 (black cir-
cles), 8 (blue squares), and 10 (red diamonds). We follow Bouwens
et al. (2017a) and express the sizes in arcsec in this section. At any
redshift, there is a correlation between galaxy size and stellar mass
and/or luminosity with considerable scatter. At M∗ < 108 M, the
half-mass radius spans a factor of 3 (0.5 dex) at fixed stellar mass.
The scatter is likely driven by several different effects, including
halo-to-halo variance, and dynamical effects connected to mergers
and strong stellar feedback (El-Badry et al. 2016), and mergers.
The size–luminosity relations show larger scatter: at MUV > −18
and MB > −18, the half-light radii spans nearly one dex at fixed
magnitude. Most simulated galaxies have half-light radii within
0.01–0.2", while some galaxies have even smaller half-light radii
down to 0.005". In contrast, very few galaxies have half-mass radii
smaller than 0.02", suggesting that galaxies with extremely small
UV sizes should be larger in terms of stellar mass. This is because
the bright clumps that dominate the light in these galaxies are very
concentrated. At the more massive/brighter end, our simulations do
not contain sufficient number of galaxies for a robust estimate of
the scatter. In addition, there is a weak redshift evolution of galaxy
sizes: the median angular size of galaxies decreases by 25% (phys-
ical size by a factor of two) from z = 6 to z = 10 at a fixed stellar
mass and/or magnitude. This is much smaller than the intrinsic scat-
ter of the size–mass and size–luminosity relations (see Section 3.3
for quantitative results).
The grey shaded region in Figure 3 shows the observational
data taken from the compilation in Bouwens et al. (2017a) (also in-
cluding the data from Ono et al. 2013 and Kawamata et al. 2015).
Kawamata et al. (2015) measured the sizes of 31 lensed galaxies at
z = 6–8 in the Abell 2744 cluster field from the HFF. The half-light
radii of galaxies at MUV ∼ −19.5 in their z ∼ 6–7 sample range
from 0.1–1 kpc, corresponding to 0.02–0.2" at these redshifts. Sim-
ilarly, Bouwens et al. (2017a) also found a similar range of half-
light radius from 0.02–0.2" for galaxies with MUV ∼−18.5 at z∼ 6
in a more complete HFF sample. Ono et al. (2013) found that z∼ 7–
8 galaxies of MUV ∼ −19 in the HUDF also have half-light radii
from 0.02–0.2" with a median of about 0.06". Brighter galaxies at
MUV∼−21 in the HUDF have half-light radii about 0.15" at z∼ 5–
8 (e.g. Bouwens et al. 2004; Oesch et al. 2010). The most massive
galaxies in our sample broadly agree with these measurements.
So far, only a small sample of galaxies fainter than MUV ∼
−18 from the HFF have size measurements (Kawamata et al. 2015;
Bouwens et al. 2017a). These galaxies are reported to have very
small intrinsic sizes from 0.01–0.06", and a small fraction of them
c© 0000 RAS, MNRAS 000, 1–11
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Figure 4. Size evolution of the simulated galaxies at M∗ ∼ 107 M (top),
MUV ∼−16 (middle), and MB ∼−16 (bottom). Points with errorbars show
the mean and 1σ (16–84%) distribution of physical half-light radii (in kpc)
at z= 5–10. The red lines show the best-fit evolution following R50 ∼ (1+
z)−m. The best-fit parameters are also listed in Table 1.
even have half-light radii down to 0.001". Some of our simulated
galaxies fall in the observed range, but our sample also contains a
large number of galaxies that have much larger sizes (they tend to
lie above the grey shaded region at a given magnitude in Figure 3).
We speculate two possible observational biases/uncertainties that
may lead to such discrepancies. First, at fixed magnitude, larger
galaxies tend to have lower surface brightness, so they are more
likely to be missed in the observed sample. Second, for clumpy
galaxies, one may only pick up the brightest clumps and thus the
sizes are underestimated. Therefore, observations are likely biased
toward intrinsically small galaxies and/or star-forming clumps (e.g.
Vanzella et al. 2017). In Section 4.1, we will explicitly show the ef-
fect of limited surface brightness sensitivity on the observed galaxy
sizes. Future deep observations on a few candidate clumpy galaxies
with JWST can test our predictions. On the other hand, we note that
our size measurements are different from those commonly used in
observations (see Section 2.2 for a detailed discussion), which fur-
ther complicates the comparison. It would be interesting to carry
out more detailed comparisons with specific observational cam-
paigns to understand the discrepancies.
3.3 Size evolution
In this section, we quantify the redshift evolution of galaxy sizes us-
ing the simulated sample at z = 5–10. At each redshift, we bin our
data in stellar mass every ∆ logM∗ = 1 and/or in magnitude every
2 mag. In each bin, we calculate the mean and 1σ distribution (14–
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Figure 5. Probability distribution (normalized) of galaxy half-mass to halo
virial radius ratio for the simulated sample at z= 6, 8, and 10. R(Mass)50 /Rvir
has a median of 8% and 1σ range of 5–12% (the shaded region). The distri-
bution does not significantly evolve at these redshifts.
86 percentile) of galaxy half-mass and/or half-light radii. In Figure
4, we show the results at M∗ ∼ 107 M (top), MUV ∼ −16 (mid-
dle), and MB ∼ −16 (bottom) (same stellar mass/magnitude at all
redshifts). Note that we show the physical sizes (in kpc) instead of
angular sizes (in arcsec). We fit the evolution trend with a func-
tional form R50 ∼ (1+ z)−m. The red dashed lines in Figure 4 show
the best-fit results at these bins. In Table 1, we list all the best-fit pa-
rameters from M∗ ∼ 105–108 M,−18<MUV <−12, and−18<
MB <−12. It is worth noting that the evolution of the physical sizes
has power-law index m∼ 1–2, which is steeper than the redshift de-
pendence of the angular diameter distance [DA ∼ (1 + z)2/3]. This
indicates that the angular sizes of galaxies also decrease with red-
shift, as shown in Figure 3.
There are some observational constraints on the size evolution.
Various authors have reported m∼ 1–1.5 for galaxies brighter than
MUV <−19 across z∼ 0–8 (e.g. Bouwens et al. 2004; Oesch et al.
2010; Kawamata et al. 2015; Shibuya et al. 2015). Our results show
broad agreement with these constraints (within 1σ for most mass
and magnitude bins), although we mainly study galaxies at lower
masses and luminosities than the observed sample, and only focus
on z > 5. We note that the best-fit value of m is sensitive to the
data and their uncertainties. For several stellar mass and magnitude
bins, our sample only contains a small number of galaxies at some
redshift. Stochastic effects in bins with small numbers of objects
can strongly affect the results of fitting in those bins.
In Figure 5, we show the distribution of the ratio of galaxy
half-mass radius to halo virial radius R(Mass)50 /Rvir for our simulated
sample at z = 6, 8, and 10. We find that for the entire sample, this
ratio has a median of 8% and 1σ range from 5–12% (the shaded
region in Figure 5). The median and dispersion do not strongly
evolve with redshift at z = 5–10. This is consistent with the fact
that R(Mass)50 ∼ (1 + z)−m with m∼ 1 at these masses (see Table 1),
given a non-evolving stellar mass–halo mass relation at these red-
shifts (Ma et al. 2017) and Rvir ∼ (1+z)−1 at a fixed halo mass (the
virial overdensity is nearly a constant at these redshift; see Bryan
& Norman 1998). For the few more massive galaxies in our sam-
ple (M∗ > 108 M), this ratio is smaller, mostly at 1–5%: this is
comparable to observational measurements for galaxies at similar
masses (∼ 3%, e.g. Kawamata et al. 2015; Shibuya et al. 2015).
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Figure 6. The comparison of galaxy sizes measured in stellar mass, rest-frame UV, and rest-frame B band. The half-mass (light) radii systematically decrease
from stellar mass to B band to the UV, in line with a more concentrated morphology in this sequence. The R(Mass)50 –R
(UV)
50 relation shows larger scatter than the
R(Mass)50 –R
(B band)
50 relation, suggesting the UV light is a relatively worse tracer of the stellar mass distribution. Galaxies with small UV sizes are also small in
B band, but they usually have much larger half-mass radii, because the B-band light is biased by the bright clumps in these galaxies.
Our simulations thus predict that at these redshifts, the stellar-to-
halo size ratio (as defined above) is larger for low-mass galaxies,
where there are no observational constraints so far.
Our results at z > 5 should not be extrapolated to lower red-
shifts. Recently, Fitts et al. (2017) presented a suite of cosmolog-
ical zoom-in simulations of isolated dwarf galaxies run to z = 0
using the same FIRE-2 code. All of their galaxies are hosted in
halos of Mhalo ∼ 1010 M at z = 0. Several galaxies in their sam-
ple have stellar mass M∗ ∼ 107 M: these are all early-forming
galaxies with half-mass radii around 1 kpc. This is very close to
our z = 5 galaxy sizes at the same stellar mass, likely due to the
fact that the early-forming galaxies in Fitts et al. (2017) do not
grow significantly at later times. Although this is a biased sam-
ple, and M∗ ∼ 107 M galaxies may have a broad distribution of
half-mass radius at z = 0, this suggests that the stellar-to-halo size
ratio may be much at lower redshifts for low-mass galaxies (since
the virial radius increases with decreasing redshift at fixed mass).
This could be due, for example, to less efficient halo gas accretion
at later times. For more massive galaxies, our simulations show that
the stellar-to-halo size ratio at z > 5 is already comparable to that
at z ∼ 0 (∼ 2%), so it may not evolve strongly at later times (e.g.
Shibuya et al. 2015). A mass-dependent evolution of the stellar-to-
halo size ratio is consistent with recent analysis for z . 3 galaxies
(e.g. Somerville et al. 2018). The galaxy size and morphology evo-
lution down to z ∼ 0 will be studied in details in a separate paper
(Schmitz et al., in preparation).
3.4 Galaxy sizes at different bands
In Section 3.1, we show examples of our simulated galaxies to illus-
trate that galaxies tend to be more concentrated and smaller from
stellar mass to B band to the UV. The UV light is dominated by
small, bright, young stellar clumps, while the B-band morphology
is determined by both bright clumps and more broadly distributed
stars. In Figure 6, we compare the half-mass (light) radii measured
in one quantity against another. The green dashed lines show the
y= x relation. All three sizes correlate with each other, but R(B band)50
is systematically larger than R(UV)50 , and the R
(Mass)
50 is larger than
both R(UV)50 and R
(B band)
50 . We also check the Gini coefficient (e.g.
Lotz et al. 2004), which is a parameter between 0 and 1 that de-
scribes the concentration of galaxy morphology (1 being the most
concentrated). We find that the Gini coefficient increases from stel-
lar mass to B band to the UV, in line with the decreasing galaxy
sizes in the sequence.
The correlation between R(Mass)50 and R
(UV)
50 has a larger scatter
than that between R(Mass)50 and R
(B band)
50 , indicating that rest-frame
UV light is a relatively worse tracer of stellar mass than the B
band. Furthermore, galaxies with intrinsically small UV sizes (be-
low 0.01") mostly have small B-band sizes (below 0.02") as well,
although these galaxies usually have relatively large half-mass radii
(0.04–0.1"). This is because the B-band light is also biased by the
small, bright clumps with high light-to-mass ratios in these galaxies
(e.g. galaxy C in Figure 2).
4 DISCUSSION
4.1 How do surface brightness limits affect observed galaxy
sizes?
In some galaxies, a large fraction of the total UV luminosity is con-
tributed in low surface brightness, diffuse light (pixels). These re-
gions are dominated by relatively older stars (10–100 Myr) with
lower light-to-mass ratios than those in the young, bright clumps
(e.g. galaxies D–F in Figure 2). For a specific observing campaign,
there is a surface brightness limit below which the signal-to-noise
ratio is too low to be detectable: this can have a significant effect
on the observed morphologies and size measurements of clump-
dominated galaxies. In the top panel of Figure 7, we illustrate this
effect using example galaxies D and F from Figure 2 at z = 6.
We show the rest-frame UV half-light radii measured for the same
galaxies as a function of surface brightness limit (assuming pix-
els below such limit have zero flux). The effect can be dramatic
in some circumstances: for galaxy F, the ‘observed’ half-light ra-
dius decreases by over an order of magnitude (from 0.1" to 0.01")
if the surface brightness depth drops from 29 to 28 mag arcsec−2.
In the bottom panel of Figure 7, we further show the rest-frame
UV images of galaxies D and F at three surface brightness limits.
From µmin = 31.5 to 28.5 mag arcsec−2, most of the low-surface-
brightness regions become ‘invisible’, and the galaxy is dominated
by a few clumps in the UV. Once the detection limit further drops
to µmin = 25.5 mag arcsec−2, only the intrinsically small, brightest
clump is dominant in these galaxies as a point source.
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Figure 7. Top: Galaxy UV half-light radii measured assuming different sur-
face brightness detection limits for galaxies D and F from Figure 2. The
‘observed’ size increases with the depth of imaging. Bottom: Appearance
of galaxies D and F (Figure 2) at different rest-frame UV surface bright-
ness limits. At a detection limit of µmin = 25.5 mag arcsec−2, the galaxies
appear as point sources, and only the brightest clump is dominant.
Now we discuss the implications of this effect on the size–
luminosity relation and extremely small sizes measured for galax-
ies in the HFF. The typical 5σ point-source detection limit in the
rest-frame UV of z = 5–10 galaxies is ∼ 28.7–29.1 mag within
a 0.4"-diameter aperture (Coe et al. 2015). This corresponds to
a surface brightness limit about µmin ∼ 26.5 mag arcsec−2 for ex-
tended sources if we demand the same signal-to-noise ratio within
the same aperture. As a proof of concept, we perform a simple
experiment on our simulated galaxies to mimic the HFF detec-
tion limit: we zero out all pixels below 26.5 mag arcsec−2 and re-
measure the luminosities and sizes. We find that all galaxies in-
trinsically brighter than MUV < −13 are still detectable, but their
‘observed’ luminosities and sizes become smaller. No galaxies in-
trinsically fainter than MUV >−12 are detectable. Approximately,
the fraction of light lost due to such surface brightness cut is a lin-
ear function of intrinsic UV magnitude, from zero at MUV = −22
to unity at MUV =−12. In Figure 8, we show the ‘observed’ size–
luminosity relation in the rest-frame UV for our simulated sam-
ple. The intrinsic size–luminosity relation for the same galaxies
is shown by grey points for reference (non-detectable galaxies are
not shown). Most galaxies appear fainter and have much smaller
‘observed’ sizes. When taking into account surface brightness lim-
its, our simulations broadly follow a R50 ∼ L0.5 relation (the black
dashed line), as suggested in Bouwens et al. (2017a) for HFF galax-
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Figure 8. The ‘observed’ rest-frame UV size–luminosity relation for our
simulated sample after mimicking the effect of the HFF surface brightness
detection limit at µmin ∼ 26.5 mag arcsec−2. The grey shaded region repre-
sents the observational data as in Figure 3. The grey points show the intrin-
sic size–luminosity relation for the same galaxies (non-detectable galaxies
are not shown). Most galaxies appear fainter and show much smaller ‘ob-
served’ sizes. The black dashed line shows the R50 ∼ L0.5 scaling as sug-
gested in Bouwens et al. (2017a) for HFF galaxies; however, such scaling is
expected due to the selection effect of a surface brightness-limited sample
(L/R2 is constant).
ies, but this trend is affected by the L/R2 ∼ constant selection for a
given surface brightness limit. Nonetheless, our simple experiment
is by no means a one-to-one comparison with HFF observations.
Ideally, one should post-process the high-resolution images of sim-
ulated galaxies with gravitational lensing, convolve them with HST
PSF, add comparable background noise, run identical source finder,
and measure the luminosities and sizes using the same method (e.g.
Price et al. 2017). This is beyond the scope of this paper, but is
worth future exploration in parallel with JWST deep surveys.
4.2 Implications for the observed (faint-end) galaxy UV
luminosity functions
Current observational constraints on the z & 6 galaxy UV lumi-
nosity functions fainter than MUV ∼−17 come from the HFF pro-
gram, which takes advantages of foreground galaxy clusters to de-
tect strongly gravitationally lensed high-redshift galaxies. Our re-
sults in this paper have two important implications for these obser-
vations. First, our simulations show a broad distribution of galaxy
sizes at fixed UV magnitude. This affects the estimated complete-
ness correction for the observed sample: if there are more galaxies
that have large sizes than expected (they cannot be detected due to
low surface brightness), their number densities may be underesti-
mated (Bouwens et al. 2017a). Second, some galaxies are domi-
nated by a few small, bright clumps in the rest-frame UV, so they
can be mis-identified as several fainter galaxies. If this is the case,
the UV luminosity function can be underestimated at intermediate
magnitudes, but overestimated at fainter magnitudes. It is interest-
ing that some faint-end UV luminosity functions derived from HFF
samples show a small discontinuity at the magnitude where this ef-
fect is likely to become important (although it may also be caused
by other effects, e.g. Bouwens et al. 2017b; Livermore et al. 2017).
A more quantitative analysis of the observational biases is worth
future investigation.
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Figure 9. The fraction of light in pixels brighter than µ<µmin as a function
of µmin, averaged over the simulated galaxies at a given intrinsic magnitude
(total luminosity) in the rest-frame UV (top) and B band (bottom) at z= 6.
These results provide predictions on what depths one needs to reach, to
target galaxies at a certain magnitude.
4.3 What fraction of light come from low surface brightness
regions?
In this section, we attempt to address the following question: for a
given surface brightness limit, what fraction of a galaxy’s light will
be detected or missed? This is useful for planning future JWST
deep surveys or follow-up deep imaging and understanding the
completeness of an observed sample. In Figure 9, we show the frac-
tion of light in pixels brighter than µ < µmin as a function of µmin
for our simulated galaxies in the rest-frame UV (top) and B band
(bottom) at z = 6. We show the results for galaxies at several in-
trinsic magnitudes in −18 < MUV < −12 and −18 < MB < −12
(averaged over all simulated galaxies at a given magnitude in
our sample). Our calculation indicates that at the limits of HFF
(26.5 mag arcsec−2) and HUDF (∼ 1 mag deeper than HFF), more
than 80–90% of the rest-frame UV light from galaxies brighter than
MUV < −18 should be detected, but this fraction is much smaller
for fainter galaxies. In the rest-frame B band, a larger fraction of
the light is in low surface brightness regions, as expected from the
fact that B-band light is more spatially extended than the UV. Fig-
ure 9 provides information on what depths the observations need
to reach for certain targets, although in practice one also needs to
account for the PSF of the observational facilities for quantitative
comparison.
4.4 The nature of UV-bright clumps
Our simulations suggest that z > 5 galaxies are mostly irregular,
with rest-frame UV images dominated by a few bright clumps.
These clumps mainly have two different origins: some of them are
satellite galaxies falling on to their host (e.g. galaxy C in Figure
2), while others are groups of young stars formed collectively from
a parent cloud, i.e. massive giant molecular cloud-like complexes
(galaxies D and F). The latter is similar to the clumps formed in
gas-rich disks via disk instabilities in intermediate-redshift massive
galaxies in simulations (e.g. Hopkins et al. 2012; Genel et al. 2012;
Moody et al. 2014; Oklopcˇic´ et al. 2017; Mandelker et al. 2017) and
observations (e.g. Guo et al. 2015). These high-redshift galaxies are
gas-rich and highly turbulent, in part due to rapid accretion from the
intergalactic medium. The high degree of turbulent support causes
the gas to fragment into large clumps, which subsequently form
stars. These early galaxies often do not have well-defined, rotation-
ally supported disks..
The two formation channels mentioned above are essentially
the same as the ex-situ and in-situ clumps defined in Mandelker
et al. (2017). Many clumps formed ‘in-situ’ are dynamically short-
lived (as seen at intermediate-redshift galaxies in Oklopcˇic´ et al.
2017). For example, the brightest clump in galaxy F (also see the
top-right panel in Figure 7) contains a mass of 2× 105 M in
stars within 100 pc (central surface density∼ 50M pc−2) that are
formed simultaneously 6 Myr ago; the clump is unbound with a
virial parameter αvir ∼ 2Ek/|Ep| ∼ 10, and it will be dispersed to
∼ 500pc in size within ∼ 30Myr. However, these simulations also
form long-lived bound stellar clumps that survive more than 400
Myr, after which the present simulations end. Some of these stellar
clumps might survive and evolved into present-day globular clus-
ters (Kim et al. 2018). Bound cluster are more likely to form once
the initial gas surface density exceeds ∼ 500M pc−2 (also see
Grudic´ et al. 2016).
Finally, we caution that these UV-bright clumps are observa-
tionally ‘short-lived’: they become much fainter after 30 Myr as the
light-to-mass ratio decreases by more than a factor of 10 following
stellar evolution and the loss of massive stars. Even the dynamically
long-lived clumps are difficult to identify at later times if they only
contribute a small fraction of the total stellar mass. Consequently,
the rest-frame UV morphology and size of a galaxy can vary greatly
on ∼ 30Myr time-scale due to stellar evolution, even if the stellar
mass morphology and size do not change dramatically.
5 CONCLUSIONS
In this paper, we use high-resolution FIRE-2 cosmological zoom-
in simulations to predict galaxy morphologies and sizes during the
epoch of reionization. We project the star particles onto a two-
dimensional grid to make stellar surface density and UV and B-
band surface brightness images, and measure the half-mass and
half-light radii in UV and B band for our simulated galaxies at
z = 5–10. Our main findings are as follows:
(i) The simulated galaxies show a variety of morphologies at
similar magnitude and/or stellar mass, from compact galaxies to
clumpy, multi-component galaxies to irregular galaxies. The rest-
frame UV images are dominated by a few bright, small young stel-
lar clumps that are often not always associated with a large stellar
mass. The rest-frame B-band images are determined both by the
bulk of stars and by the bright clumps (Section 3.1 and Figure 2).
(ii) At any redshift, there is a correlation between galaxy size
and stellar mass/luminosity with large scatter. At fixed stellar mass,
the half-mass radius spans over a factor of 5, while at fixed magni-
tude, the half-light radius (both UV and B band) spans over a factor
of 20 from less than 0.01" up to 0.2" (Figure 3).
(iii) Galaxy morphologies and sizes in our simulations depend
on the band in which they are observed. Going from the intrin-
sic stellar mass distribution to rest-frame B band to rest-frame UV,
galaxies appear smaller and more concentrated. (Figure 6). The
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half-mass radii correlate with B-band half-light radii better than
those in the UV, suggesting that B-band light is a better tracer of
stellar mass than the UV light, but it can also be strongly biased by
the UV bright clumps.
(iv) At z> 5, the physical sizes of galaxies at fixed stellar mass
and/or magnitude decrease with increasing redshift as (1 + z)−m
with m ∼ 1–2 (Figure 4). For galaxies below M∗ ∼ 108 M, the
ratio of the half-mass radius to the halo virial radius is ∼ 10% and
does not evolve at z = 5–10. More massive galaxies have smaller
stellar-to-halo size ratios, typically 1–5% (Section 3.3).
(v) The observed half-light radius of a galaxy strongly de-
pends on the surface brightness limit of the observational campaign
(Figure 7). This effect may account for the extremely small galaxy
sizes and size–luminosity relation measured in the Hubble Fron-
tier Fields observations (Figure 8), as shallower observations can
be dominated by single young stellar ‘clumps’. We provide the cu-
mulative light distribution of surface brightness for typical z = 6
galaxies (Figure 9).
In this paper, we make predictions to help understand current
and plan future observations of faint galaxies at z > 5. Our predic-
tion that these galaxies have small, bright clumps on top of more
extended, low surface brightness regions can be tested in the near
future by high-resolution deep imaging with JWST on a typical
sample of galaxies. In future work, we intend to make more real-
istic comparisons with specific observational campaigns to under-
stand the sample completeness and their implications for the faint-
end UV luminosity functions. We will also study the size evolution
for a broad range of galaxies from z = 0–10 (Schmitz et al., in
preparation). Moreover, it is also worth quantifying the statistical
and physical properties of the UV-bright clumps in z> 5 galaxies.
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Figure A1. Galaxy sizes measured using different smoothing approaches
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ically robust to this choice.
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APPENDIX A: PARTICLE SMOOTHING AND SIZE
MEASUREMENTS
In this work, we adopt a non-parametric approach to define galaxy
half-mass (light) radii by measuring the area spanned by the bright-
est pixels that contribute 50% of the total intensity within an 1"-
diameter, S50, and taking R50 =
√
S50/pi (Section 2.2). We note
that the results weakly depend on how we smooth the star particles
on the projected images. By default, each star particle is smoothed
over a cubic spline kernel with a smoothing length h5 equal to its
distance to the 5th nearest particle. Here we discuss two alternative
smoothing approaches. First, we adopt a smoothing length h10 (the
distance to the 10th nearest particle) instead of h5 (but still use the
cubic spline kernel) and repeat the size measurement. In the left
panel of Figure A1, we compare the new half-mass radii with our
default results for our simulated galaxies. The green dashed line
shows the y = x relation. By using h10, the half-mass radii only in-
crease by less than 10% for most of the galaxies (5% difference on
average), and only a small fraction (1%) of our galaxies are affected
by 50% or more.
Alternatively, we further smooth our default images using a
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Figure B1. The z = 6 galaxy size–mass relation. Colors show simulations
run with different mass resolution. Galaxy sizes converge reasonably well
with resolution in our simulations.
two-dimensional Gaussian function with a dispersion correspond-
ing to the size of 10 pixels (0.032"). This equals to the pixel size
of the NIRCam on JWST. This is to mimic the observed galaxy
images after convolving with the PSF. A point source thus has a
half-mass (light) radius of rpsf = 0.038". Note that the example im-
ages in Figure 2 are generated in this way for better visualization.
We repeat the non-parametric size measurement on the Gaussian-
smoothed images and compare the results in the right panel of Fig-
ure A1. The green dashed line shows the y =
√
x2 + r2psf relation
for reference: we note that this relation is also used in observations
to convert apparent sizes to intrinsic sizes (e.g. Oesch et al. 2010).
Nearly all of our simulated galaxies lie close to this curve (less than
20% deviation) as expected.
These experiments suggest that we obtain numerically stable
galaxy half-mass radii by using a cubic spline kernel with smooth-
ing length h5. We find similar results for half-light radii in UV and
B band: using h10 instead, the B-band sizes are not affected by more
than 10% for the vast majority of our galaxies. The differences are
slightly larger for UV sizes. 5% of our galaxies have UV half-light
radii increased by a factor of 1.5–2 when using h10. This is be-
cause the UV light in these galaxies is dominated by few diffuse
star particles that have large inter-particle distance, so the sizes we
obtain can only be treated as upper limits. Nonetheless, most galax-
ies in our sample are only affected by less than 20%. We conclude
that our non-parametric size measurement is robust to our particle
smoothing method.
APPENDIX B: RESOLUTION CONVERGENCE
We note that our sample includes simulations using three differ-
ent mass resolutions for baryonic particles (mb ∼ 100, 900, and
7000 M). We showed in previous papers that galactic scale quan-
tities, such stellar mass, star formation rates, etc., converge reason-
ably well at these mass resolutions (e.g. Hopkins et al. 2017; Ma
et al. 2017). Here in Figure B1, we show the z = 6 galaxy size–
mass relation for our simulated sample, where the colors represent
simulations run with different mass resolution. There is no signifi-
cant difference between different resolution levels in the size–mass
relation, so we conclude that galaxy sizes are robust with respect to
resolution in our simulations.
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